Abstract. We present a model that considers evolvable symbiotic associations between species, such that one species can have an influence over the likelihood of other species being present in its environment. We show that this process of 'symbiotic evolution' leads to rare and adaptively significant complexes that are unavailable via non-associative evolution.
Introduction
The organisation of biological systems depends strongly on the interactions between the organisms that share environments [1] . These interactions not only shape the selective forces on organisms, but in addition can be subject to change themselves. Symbiosis, the collaboration between organisms of different types [2] , is very common in nature [3, 4] . Symbiotic associations have the capability of altering an organism's biotic environment: the selective context in which it will appear. This modification in environment is clear where symbiosis is taken to its logical conclusion, symbiogenesis: where the symbionts involved become reproductively inseparable [5] . This has the potential for evolutionary significance: symbiogenesis is thought to be implicated in some of the major transitions in evolution [6, 7] . There are also less extreme symbioses between free-living species that still a have significant impact on their likely biotic environments [1] .
Given the ubiquity of symbiotic associations, and the assumption that such relationships can modify the likelihood of co-occurrence between species, we ask the following questions: What kind of association formation mechanism can lead to the evolution of complexes that are unevolvable in the absence of associations? Under what conditions is such a distinction available?
In this paper we describe a model framework of symbiotic evolution, where the ecosystem composition adapts rapidly according to local dynamics, symbiotic associations adapt gradually between co-occurring species in the ecosystem, and the associations in turn modify local dynamics. We investigate an implementation of this framework that idealises the separation in timescales of these two adaptive processes. We find that evolving symbiotic associations on a slower timescale than the dynamical changes in ecosystem composition is sufficient to lead to adaptively significant complexes with many dependencies resolved, and are unavailable without association formation. We use a structured adaptive landscape, where only very specific changes are sufficient to traverse the ruggedness. The challenge then for associative evolution is to evolve compatible groupings that resolve conflicts, and transfer competition to a higher level, which is sufficient to traverse this ruggedness. This provides insight into why there is a distinction in the evolutionary outcomes with and without association formation. In other work in this volume [8], we show conditions under which individual selection leads to the reinforcement of associations between individuals of different species that co-occur in the ecosystem dynamics. In the present paper, we use a higher-level model where associations evolve between species according to their co-occurrence. This allows us to examine the adaptive significance of the coupled processes, when compared to non-associative evolution.
Prior models have been suggested that investigate the evolution of symbiogenic encapsulation [10] [11] [12] , or abstractions thereof [13] . These models use a variety of mechanisms to determine the suitability of symbiogenic joins, including Pareto dominance [10] , context-optimality [13] , and maximising reciprocal synergy [12] . In [14] the evolution of 'observers' provides groupings to coarsegrain an adaptive landscape. A related approach is applied to physical models in [15] . As noted, we use different temporal scales for ecosystem dynamics and association formation. In evolutionary computation, [16] uses results of multiple hill climbing runs to build a model of dependencies, which provides a similar timescale separation to successfully solve hierarchical problems. Memetic algorithms [17] also use search at two levels, but importantly, neither search process modifies the variational units for the other.
Modelling Symbiotic Variation
In our model ecosystem there are many species. Since we want to investigate the effect of evolving the interactions between species, the species themselves have a trivial representation. For each of N niches in the environment, two particular species compete to inhabit it. There are 2N species in total. Each species also has a set of association strengths, one for each of the other 2N − 1 species. These associations can evolve, whereas their niche is immutable.
Initially the ecosystem has a random constitution of N species, such that all niches are occupied. All association strengths are initialised at zero. Changes in the ecosystem composition occur by following the system dynamics -by introducing random migrants that compete with the current ecosystem occupants. The symbiotic associations strengthen between species that are present in the ecosystem at any given timestep. Within a reasonably short timescale, no further changes in ecosystem composition occur: the ecosystem is at a locally stable state. Periodically, the ecosystem is perturbed such that its constitution is randomised, and local dynamics will again cause ecosystem changes. Note that these perturbations do not modify the symbiotic associations that have evolved.
The changes in the ecosystem composition are effected by allowing a random species to immigrate, and if the overall utility of the ecosystem is higher with this migrant than without, it is retained. When the migrant species has non-zero associations with other species, these are interpreted as probabilities that those
